Abstract: Sustainable livestock production is important to ensure continuous availability of resources for future generations. Most smallholder livestock farming systems in developing countries have been perceived to be environmentally, socially and economically unsustainable. Farming with livestock that is robust and adaptable to harsh environments is important in developing countries especially in semi-arid and arid environments. This review discusses the different sheep farming systems employed by smallholder farmers and associated sustainability problems facing them. The review also gives an overview of sustainability indicators and limitations to the sustainability for the different smallholder sheep production systems in South Africa. It is argued that genetic diversity is important for sustainability and needs to be maintained in sheep for sustainable production and reproduction performance. The application of traditional breeding and genomics to ensure sustainable production is explored. Animal breeding approaches, specifically genomics can be applied to improve areas of environmental sustainability of smallholder sheep farming systems but must be targeted to the specific production environments, challenges, and opportunities of smallholder production. The genetic traits important for sustainability, the role of genomics in improving these traits and linking these genetic traits to different farming systems in South Africa are discussed.
Introduction
Most of the surface area in South Africa is semi-arid, which makes it unsuitable for anything but extensive ruminant livestock farming [1] . In South Africa, the sheep industry is divided into commercial, emerging commercial and smallholder subsistence farmers. There are an estimated 28.8 million sheep in South Africa, of which 21.4 million are owned by commercial farmers [2] . The industry is dominated by the commercial sheep farmers who own more than two thirds of the sheep in the country and supply meat products locally and wool products for export. The emerging and smallholder sheep farmers supply meat and wool products for sale through informal and formal markets and for subsistence. Sheep also play other roles to this sector including, provision of milk and manure, and other religious and cultural roles. The Dohne Merino, Merino and Dorper breeds are the most prominent breeds of sheep in South Africa. Other sheep breeds found in the South African
The objective of this review is to give a brief overview of the sustainability indicators in the ovine resource maintained by smallholder farmers in South Africa and the limitations to sustainable sheep farming in smallholder production systems. The review also provides an overview of the genetic traits important for sustainability, the role of genomics in improving these traits and the linkage of these genetic traits to different farming systems in South Africa.
Sustainability Indicators of Sheep Farmers in South Africa
Most sustainability assessment methods follow a hierarchy where dimensions are at the highest level. These dimensions can be classified as social, economic and environmental [16] and indicators can be used to measure them. Sustainability indicators are defined as a variable that provides information on another less accessible variable [24] .
Social Sustainability Indicators
The social dimension of sustainability is often ranked lower than environmental and economic dimensions in sustainability assessment operations [25] . This could be due to the lack of conceptual clarification of social indicators and how to measure it. Omann and Spangenberg [25] reported that "social scientist had bad experiences in the 1960's receiving limited public resonance and been rejected as ideological strait jackets". The social dimension also poses questions to the current European development model which is a fordistic model of society [25] . This dimension has to be considered on the same footing as the other dimensions to avoid bias in assessments. To date, no consensus exists on what constitutes social sustainability. Various studies have derived different social sustainability indicators as based on their research questions. Examples of indicators used to reflect social sustainability in previous studies include; education level, working conditions and quality of life [19] . Social sustainability indicators relevant to South Africa's smallholder livestock production are not known and warrant investigation. The geo-location of most smallholder farmers was influenced by the colonial apartheid regime while, their current socio-economic conditions are a result of policies of both the apartheid government and the new democratic government [26] . Therefore, historic and current events markedly influence the social status of smallholder farmers. Indicators such as food access, family health status, education level, access to information and gender equality in decision making were used to assess the sustainability of the smallholder cattle production system in the Eastern Cape Province of South Africa [18] . It was concluded that the social dimension of the system was partially sustainable. Other indicators relevant to the social dimension of sustainability include household well-being, access to clean water and sanitation, participation to social organizations and animal welfare among other indicators [27] . Certain social indicators will only be applicable to specific farming systems, for instance access to clean water and sanitation might not be a priority in commercial farming systems as this hurdle is already overcome in these systems. In contrast, such indicators would be of greater importance for smallholder farming systems in rural communities. It is thus important to first characterize the farming system before deciding which social indicators are suitable to measure sustainability.
Economic Sustainability Indicators
Economic sustainability refers to the short-and long-term profitability of a farming system. Indicators used for this includes net farm income, resource use efficiency and productivity [19] . Other studies also used total agricultural offtake as an economic indicator [28, 29] . The role of livestock as a direct income source is overridden by socio-cultural roles for most subsistence farmers [30] . For example, to most resource poor subsistence farmers without access to formal financial institutions, livestock are maintained as a form of capital, providing them with savings and offering opportunities for farmers to accumulate wealth [31] . Swanepoel et al. [32] also stated that livestock guarantees financial security and help to finance planned and unplanned expenditure of smallholder farmers. Sustainability indicators based on input-output systems or cost-benefit analyses may thus not directly reflect subsistence livestock production systems as they do in the profit oriented commercial livestock sector [33] .
Environmental Sustainability Indicators
Indicators used to measure environmental sustainability includes CH 4 and CO 2 emissions, eutrophication, acidification, groundwater pollution, dehydration of soil and biodiversity, and the extent of rangeland degradation [19, 20] . These indicators are widely covered in literature and will not be explicitly covered in this review. Biodiversity, as mentioned in the literature, is used in the broad sense and includes all components of biological diversity: the variation among animals, plants and microorganisms, including those hosted by livestock species. South Africa's landscape, being mainly suitable for grazing by livestock due to its diverse biomes including grasslands, Nama-Karoo and Karoo vegetation types, among others, is reported as overgrazed [34] . Overgrazing resulted in a decline in biodiversity of the plant species. This resulted in the grazing of all the palatable plant species by livestock and the domination of unpalatable plant species [17, 35] . A reduction in palatable grass species will compromise the production of livestock. Low livestock production is linked to reduced income from livestock and thus compromises the livelihood of farmers.
Studies on livestock biodiversity as an indicator of sustainability are limited [33] . A number of studies have however mapped the genetic diversity of major livestock species in South Africa using molecular markers, including work by Halimani et al. [36] on pigs, Mtileni et al. [37] on poultry and Soma et al. [38] on sheep. High levels of genetic diversity have been observed for indigenous sheep genetic resources in South Africa [5, 39] , thus implicating the potential to use these breeds to develop sustainable breeding programs for smallholders using genomic tools.
The three pillars of sustainability are closely interlinked. The environmental pillar, in this context animal genetic diversity, will influence animal production and thus the economic pillar. The economic pillar will in turn influence the social pillar. If reproduction and production are high, income obtained from sheep will be high. This will positively affect the social pillar of sustainability; where an increased income from livestock will lead to increased food security and well-being of the farmer. There could however be negative tradeoffs between the pillars, for example intensification of sheep production can lead to negative impact on the environment through overgrazing and soil trampling. It is, however, necessary to describe the different sheep farming systems in South Africa and which indicators will be suitable for each system to measure their sustainability. These farming systems have unique problems of sustainability that need to be addressed.
Limitations for Sustainability of Sheep Farming Systems in South Africa
The limitations to sustainability for sheep farming systems are driven by the climate, vegetation, topography and husbandry practices and the political dispensation in which it is found, i.e., socialism, communism, capitalism or free-market. In South Africa, smallholder farmers were excluded from supplying food to the market prior to 1980 under the Marketing act 1968 [40] . This has led to commercial farmers dominating the market. The influence of the social dimension on the outcome of the farming system is often overlooked [41] .
Due to the political history of South Africa there are different types of smallholder farming enterprises. Prior to colonialism and apartheid most of the land in South Africa belonged to black people. By 1948, eighty seven percent of the land had been redistributed to white people and only 13% to black people staying in the homelands [42] . This had a dramatic effect on agriculture in South Africa, which consists of a small number of commercial farms, co-existing with large numbers of smallholder farms [43] . This system has led to many smallholder farmers ending up with marginal land and resources to farm.
After the 1994 election, black economic empowerment (BEE) actions have been implemented to further/support employment equity. Since then, programs such as the Land Redistribution for Agricultural Development (LRAD) and the Comprehensive Agricultural Support Program (CASP) have been initiated by the Department of Agriculture, Forestry and Fisheries to assist in the agricultural development of underprivileged communities. These programs have been successful in settling 61% of land claims, however problems have occurred in the land redistribution process. These problems are linked to farmers receiving land without adequate training in livestock production, institutional capacity, financial resources and a lack of agricultural support services to allow these farmers to start up viable farming enterprises.
The socio-political situation in South Africa led to the development of the following farming systems: (1) commercial sheep farming system; (2) emerging sheep farming systems; and (3) smallholder farming systems. To measure the sustainability of smallholder sheep farmers in South Africa, it is necessary to determine which indicators are relevant to the specific farming system to address these issues of sustainability.
Sustainability problems of intensive commercial sheep farming systems are related to the effects of intensification. For commercial farmers the economic dimension of sustainability is determined by profitability which depends on income, efficiency and productivity [19] . To achieve high profitability, high input and thus high output system is necessary. Sheep breeds selected for this production system are important, as breeds are required that have high reproduction performance and fast growth rate. Exotic breeds such as the Merino type breeds (Merino, Dohne Merino, South African Mutton Merino and Merino Landsheep) are commonly used in these systems due to their high prolificacy [1, 44] . High stocking rates are maintained to achieve high production levels and have resulted in overgrazing of land thus resulting in a decrease of plant and animal biodiversity [45] . The planting of irrigated pastures, have led to the use of pesticides and fertilizers which affected chemical and physical soil quality as well as adding to eutrophication and acidification of soil and water bodies [45] . Social aspects of commercial sheep farming systems can be divided into internal social aspects and external social aspects [19] . The internal social aspects include gender equality and labor inequity, whereas the external social aspects include animal health and welfare. For extensive commercial sheep farmers the economic and social sustainability problems will be similar than for intensive sheep enterprises. The environmental problems will be different in terms of the effects of eutrophication and acidification which will be less in extensive systems due to the use of natural grazing with little additional planted crops or pastures. The problem of overgrazing and resultant decrease in plant biodiversity is, however, more applicable to extensive commercial and smallholder communal sheep farming systems.
Smallholder sheep farmers in South Africa depend on low-input systems. The economic sustainability problems for smallholder farmers include offtake rate and income derived from offtake. Offtake rate can be defined as the proportion of animals sold or consumed within a year [46] . Smallholder farmers also depend on the capital value/insurance value of their sheep as well as offtake. Therefore, owning a large flock of mainly adult sheep may serve as an indicator of wealth and a liquid asset for use to meet family emergencies. Offtake rate for smallholder farmers has been reported to be low [47] . Low offtake rate can be linked to the low reproduction performance observed [8] . Internal social sustainability issues are more important for smallholder farmers. This includes social wellbeing, education levels, health status (including zoonotic diseases risks from affected animals), gender equity, access to food, food safety and access to extension services and information and veterinary services. External social sustainability issues are not a priority as smallholder subsistence farmers are not at the point where their output is marketed to consumers. Environmental sustainability problems include water resources and land available for grazing, sheep resources used (animal biodiversity) and plant biodiversity. Smallholder sheep farmers have sheep genetic resources that are highly genetically diverse [38, 39] . Despite high levels of genetic diversity, most smallholder sheep production systems are reported to exhibit low production performance levels and this is mainly attributed to various non-genetic reasons.
Enhancing production performance in commercial sheep flocks have been achieved by altering genetic diversity of the breeding flock using various breeding techniques, including linebreeding (decreasing genetic diversity in a flock) and crossbreeding (increasing genetic diversity in a flock) as well as selection for traits of economic importance. Low production performance of sheep kept by smallholder farmers in low input farming systems can be improved using similar genetic strategies as in the commercial set-up. It is however important to ensure that the accumulation of deleterious loci through the effect of genetic erosion and inbreeding is limited.
The Importance of Genetic Diversity for Sustainable Genetic Improvement

Genetic Variability for Adaptability and Robustness
Genetic diversity can be defined as the genetic variation at neutral or adaptive loci of a population or specie [48] . Neutral genetic diversity is gene variants detected that do not have a direct effect on fitness. This is measured by molecular technique using neutral markers for instance RAPDs, AFLP and microsatellites to estimate parameters such as heterozygosity and homozygosity [48] . Adaptive genetic diversity refers to genes that have an effect on fitness; this can be measured using quantitative genetic experiments to estimate parameters such as heritability (h 2 ) and genetic variance. In the context of this study genetic diversity studied will focus on using neutral genetic variation in combination with adaptive genetic diversity at breed level.
Genetic diversity within a gene pool determine the fitness/robustness of the animals [10, 49] and ultimately adaptability of the animals to the prevailing production environment. Robustness can be defined as the ability of an animal to adapt to challenging environmental conditions [10] . This entails the ability of the animal to survive, reproduce and maintain homeostasis without losing body condition when exposed to adverse conditions [50, 51] . Robustness encompass a group of traits enabling animals to adapt and includes several reproduction and survival traits such as disease and parasite resistance, heat tolerance and drought tolerance [50] . Reproduction and survival traits in livestock are known to be lowly heritable and in spite of this, genetic progress has been possible for over 20 years of selection in South African sheep flocks [7] . This indicates the possibility of using adaptive genetic variation to improve robustness traits in South African sheep flocks.
Genetic Diversity of Indigenous Breeds
Smallholder subsistence sheep farmers make use of indigenous breeds that are more hardy or robust [9, 52, 53] . Indigenous breeds are sometimes crossed randomly without prior knowledge of pedigree or selection for specific traits. Indigenous Nguni sheep breeds have been shown to have a higher genetic diversity than Merinos using Random Amplified Polymorphic DNA (RAPD) markers [39] . Studies done on the indigenous Namaqua Afrikaner proves them more tick resistant than the South African Mutton Merino (SAMM) and Dorper [8] . The indigenous Namaqua Afrikaner achieved higher survival from birth to weaning (91%) in comparison to the Dorper (88%) [53] . A recent study reported that number of lambs weaned was highest for indigenous Namaqua Afrikaner compared to the Dorper and South African Mutton Merino [52] . These results imply robustness in terms of survival, reproduction and disease/parasite resistance of indigenous breeds. The tradeoff however with indigenous breeds are that their carcass yield is inferior to those of commercial breeds. This was proven true for the indigenous Namaqua Afrikaner breed [54] . Genetic diversity studies have, however, reported low heterozygosity levels within the indigenous Namaqua Afrikaner breed [22, 55, 56] . The low levels of heterozygosity for this breed could be linked to its small effective population size (Ne). Low levels of heterozygosity has also been reported in other indigenous fat rumped sheep (Black headed Persian and Red head Speckled Persian) whereas indigenous fat tailed sheep such as the Pedi, Swazi and Zulu obtained higher levels of genetic diversity [38] . The reason for these higher levels of diversity could be resultant of some level of crossbreeding in these populations. It is however interesting to note that, even though the Namaqua Afrikaner have high inbreeding levels, their adaptive and fitness traits have not been negatively affected. This could be due to the impact of natural selection on adaptation traits.
Genetic Diversity of Commercial Breeds in South Africa
Commercial sheep enterprises utilize exotic and synthetic breeds that have been purebred and selected for certain phenotypic traits, such as color and size, for example, in the Dorper breed [57] . These purebreds may accumulate homozygous loci for deleterious genes over time and become inbred, which can result in reduced fitness, poor survival and low reproduction [10] . Commercial breeds are known to have a lower genetic diversity than smallholder populations [56] . Inbreeding in the Danish Texel population has led to a reduction in birth weight, average daily gain and litter size [58] . The use of artificial insemination or the use of one ram of high genetic merit, resulted in a reduced effective population size (Ne), leading to higher inbreeding rates and resulted in a loss of genetic diversity and reproductive fitness. A decrease of genetic diversity through linebreeding and artificial selection have however resulted in increased growth and production traits in exotic sheep breeds [59, 60] . Inbreeding percentage should however be kept below 20-25% in sheep flocks to prevent inbreeding depression. Higher inbreeding rates have led to economic losses of $17 per ewe and where inbreeding approached 50% the loss increased to $36 per ewe [61] .
Is Fitness Always Good if Genetic Diversity Is High?
The fact that the Namaqua Afrikaner, Black headed Persian and Red head Speckled Persian have low genetic diversity and still are more robust than exotic breeds [38] is a paradox to the notion that higher levels of genetic diversity are linked to robustness and fitness [10] . The reason for this paradox is unclear and leaves us with the question: "Is fitness always good if genetic diversity is high?" Reed and Frankham [62] , however postulates that selection can purge a population of deleterious recessive alleles and in theory can create inbred populations with a higher fitness. This phenomenon of the Namaqua Afrikaner sheep breed could also be explained by the fact that the neutral genetic diversity measures were used to estimate heterozygosity levels within these breeds and thus only refers to gene variants that do not have a direct effect on fitness.
Characterization of traits relevant for sustainability of the specific sheep farming systems is the next step.
Genetic Traits Important for Sustainability
Traits of importance for sustainability include reproduction, survival and production traits (Table 1) . Reproduction is a composite trait which can be measured by component traits such as number of lambs born per ewe lifetime, or number of lambs weaned per ewe lifetime, litter size, conception rate, lamb survival and mothering ability [63] . The wet-dry phenotype [64] is recorded from an udder examination performed during the marking of recently born lambs or at the weaning of lambs. Wet-dry refers to whether a ewe is lactating or not, and can be used as an indicator of reproductive performance of ewes in low-input farming systems. Heritabilities estimated in Australian Merino flocks range from 0.09 to 0.17 for wet-dry at weaning and 0.04 to 0.11 at lamb marking [65] . The wet-dry phenotype is a composite trait and includes both conception rate and mothering ability. Heritability estimates for the component trait conception rate ranges from 0.01 to 0.30 [66] [67] [68] . Estimates for number of lambs born and number of lambs weaned were 0.05 to 0.10 and 0.05 to 0.07, respectively [69, 70] . Survival traits in sheep can be measured by survival from birth to weaning. Heritability estimates reported for lamb survival were 0.03 to 0.07 [69, 71] . Weaning of lambs occurs at approximately 100 days of age in commercial intensive sheep farming systems. Survival in exotic breeds under harsh conditions is known to be lower than in indigenous breeds. Disease and pathogen resistance are also important traits to consider for sustainability. Studies reported on traits linked to disease resistance in sheep include fecal egg worm count (FEC) as an indicator for resistance to helminth nematodes [69, 72] , resilience to nematodes, footrot and pneumonia [73] as well as tick resistance [52] . Heritability estimates for FEC were in the range of 0.25 to 0.28 [72] and ranged between 0.07 and 0.59 for tick resistance [52, 74] .
Estimates depended on the model used to estimate heritability as well as the body location from which ticks were sampled.
Important traits selected for to enhance production are growth traits, such as birth weight, weaning weight, body condition score (BCS), average daily gain, feed conversion efficiency and adult weight [69] as well as carcass traits such as fat depth and eye muscle depth [72] . Heritability estimates for growth and carcass traits are moderate to high, with estimates of 0.30 to 0.41 for adult weight and 0.20 for carcass traits [69] . Heritability estimates for BCS ranged from 0.16 for BCS during mid-pregnancy and 0.18 for BCS two weeks before lambing [75] . Early growth traits such as birth weight and whether or not a lamb was born as single, twin or multiple are important for survival and future growth of an animal, as they are correlated to survival and post-weaning growth performance [76] . Research has shown that birth weight affects survival of lambs, where low birth weight (<3 kg) leads to high mortalities because of starvation and exposure [77] and high birth weight (>6 kg) leads to high mortalities because of dystocia [78] . To obtain maximal survival of lambs, optimum birth weights should be targeted, ranging between 3 and 6 kg. The abovementioned research was done on Coopworth, Romney and Texel sheep breeds. It indicated that birth weight for lambs born as twins or multiples will be lower than single born lambs (0.70 kg and 1.69 kg, respectively) [77] . Feed conversion efficiency is the amount of feed consumed in relation to growth. Feed conversion ratio is highly heritable at 0.26 [79] . Measuring feed intake is difficult in practice and using highly correlated traits such as post weaning weight or yearling weight with feed conversion rate (r 2 = 0.98) can be an indication of feed conversion efficiency [79] . This is important where feed scarcity occurs, so the animal will be able to convert low quality feed into growth and production. Growth traits are positively correlated to reproduction traits [69, 72] . Selection for growth can thus have an influence on reproduction traits. This is in contrast to the dairy and poultry industry where selection for production traits such as increased milk yield, growth and egg production are negatively correlated with fitness traits [51, 80] . [69] Quantifying and measuring fitness traits in smallholder production systems can be challenging due to lack of recordkeeping. It is therefore necessary to measure indicator traits that involve minimal recordkeeping and input costs for example wet and dry phenotype as in indicator of reproduction in smallholder sheep farming systems. Smallholder farmers can also implement body condition scoring as a management tool to improve ovulation rate and thus reproduction in their flocks. However, all of the abovementioned traits are important for sustainable sheep production for both smallholder and commercial producers and emphasis of selection for traits would need to be different. Emphasis could be placed according to the input-output of the farming system, as well as the geographical location of the farm. For high input-high output farming systems located in high rainfall geographical regions of South Africa, growth, carcass and reproduction traits could be the main emphasis. In low input-low output farming systems located in drier arid regions of South Africa, survival, disease/pathogen resistance, reproduction and adaptability could be of higher importance. Farmers should include traits important for sustainability of their specific sheep farming system in breeding objectives to enable genetic improvement. Gizaw et al. [81] used a desired-gain selection index to derive relative weights for traits resulting in gains desired by subsistence sheep farmers in Ethiopia. Another means of prioritizing traits of importance could be by adding non market value to the market value of traits [82] . Non market value entails a value given to a trait that is not reflected in the current market economy or that is partly transferred by the market [82] . No studies have been done in South Africa to identify traits of preference for smallholder sheep farmers to include in breeding objectives. The first step will be to start with identifying traits of sustainability for smallholder sheep farmers using participatory approaches, and secondly to set up a recordkeeping system for these traits. Once phenotyping has been established, the use of genomics can be combined with traditional selection and crossbreeding strategies to increase genetic gain. The contribution of indigenous breeds in smallholder sheep farming systems also needs to be investigated.
Indigenous Breeds in Smallholder Sheep Farming Systems
Using indigenous breeds in smallholder sheep farming systems can decrease the costs of input related to additional feed or medicine. Meat output and thus income received per kg will be less because of their inferior growth and carcass traits. Thus, the tradeoffs between robustness and carcass traits of indigenous breeds needs to be considered when suggesting these breeds to improve economic sustainability of the smallholder sheep farming systems. Structured breeding programs can be developed where indigenous breeds are crossed with exotic breeds to improve genetic diversity. Examples of this being achieved include composites such as the Meatmaster and Van Rooy, which were derived from crosses between indigenous breeds such as the Damara/Ronderib Afrikaner and exotic breeds such as the Ile de France, Dorper, and SA Mutton Merino [38, 83] . A terminal crossbreeding system can be an option, where all the F1 offspring are sold as slaughter lamb [44] . The benefits of an terminal crossbreeding is the effects of F1 hybrid vigor and complementarity, which can lead to an immediate improvement in the desired growth and reproduction traits [84] . This could be of benefit to the smallholder farmer as more carcass yield can be obtained from F1 offspring. This can thus add value in ensuring a higher income to the farmer. Studies of crossbreeding Red Massai (indigenous breed to Kenya) with a Dorper has shown the possible effects of improving resistance to gastro-intestinal parasites [85] . Another option to improve production performance of indigenous breeds would be increase selection for desired traits using genomic selection. Selection for improved robustness or production traits will reduce genetic diversity in a population, however the reduction in diversity will be gradually over a number of generations [7] . This is due to the additive effect of genes using traditional selection methods, where the effect will be cumulative. Crossbreeding on the other hand is using non-additive genetic effects to produce immediate desirable results in terms of production performance.
Applying Genomics to Improve Traits Important for Sustainable Farming Systems
Before the advent of high throughput technology, marker assisted selection were explored with the study of markers and their linkage to specific quantitative trait loci (QTL) responsible for phenotypic expression [86] . These markers were used to construct genetic and physical maps of genomes of livestock species [86] . Different genetic markers that were used for marker assisted selection include random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), microsatellites and single nucleotide polymorphism (SNP). Single nucleotide polymorphisms have become the marker of choice and genotyping platforms are available for ovine species. This includes a 12K SNP chip for parentage determination and genotyping replacements at a low cost, 50K SNP chip [21, 87] and recently the 600K SNP chip [88] . The heritability estimates for reproduction and survival traits range from low to medium, whereas estimates for production traits range from medium to high. The use of genomics will be of benefit to the traits that are lowly heritable and expressed later in an animal's life [21] . This will enable the ability to predict a ram/ewes performance for a specific trait at an early age and so increase genetic gain [21] . Genomic tools can help to further elucidate differences between indigenous breeds and exotic breeds in term of reproduction and production traits. This can be done using different methods, for example, studying the genetic diversity and population structure of sheep. This serves as a backbone for genome wide association studies (GWAS) that can be used to associate phenotypes with causal variants [23, 89] . Causal variants have been identified for various traits important for sustainability including reproduction [23] , gastrointestinal parasite resistance [90, 91] , growth and meat production [92] [93] [94] , wool traits [95] and adaptation in extreme environments [96] (Table 2) . Table 2 . Examples of causal variants for traits important for sustainability as determined using genomics.
Traits
Causal Variants Method Used References
Production traits Reproduction traits
Litter size GDF9, BMP15, BMPR1B/FecB and B4GALNT2 PCR-RFLP [89, 99] Causal variants linked to litter size (prolificacy) were growth differential factor (GDF9), bone morphogenetic protein 15 (BMP15), bone morphogenetic protein receptor 1B (BMPR1B) (FecB allele) genes and beta-1,4-N-acetyl-galactosaminyl transferase 2 (B4GALNT2) [99] . GDF 9 is an autosomal gene and is located on chromosome 5 and BMP15 is located on the X-chromosome. BMPR1B is located on chromosome 6 and have six different mutations for this gene, whereas B4GALNT2 is located on chromosome 11. Fecal egg count (FEC) is used to measure resistance to gastrointestinal parasites in sheep, and the causal variants for FEC using a genome wide association study were found on chromosome 14 (linked to Nematodrius average animal effect) and chromosome 6 (Strongyles FEC at 16 weeks) [90] . Various other genes have been linked to host resistance to different gastrointestinal parasites (Haemonchus contortus, Teladorsagia circumcinta, and Trichostrongylus colubriformis) [91] . These genes were found on ovine chromosome 1, 3, 6 and 20 and are linked to the immune system, mucosal protection and hemostasis [91] . Genes that have been reported to influence carcass traits include callipage, myostatin and carwell genes [97, 98] . Another study using three different sheep breeds to determine causal variants for growth and meat traits observed significant loci within chromosome 3, 5 and 9 linked to post weaning gain [92] (Table 2) . Causal variants TSPEAR (thrombospondin-type laminin G domain and EAR repeat), KRTCAP3 (expressed in the skin keratinocytes) and KIF16B (kinesin family member 16B) influencing wool traits such as fiber diameter, fiber diameter CV and fineness dispersion were confirmed in Chinese Merino sheep breeds [95] . Whole genome sequencing have been used to identify genes related to adaptation traits in sheep adapted to different environments in Tibetan plateau and Taklimakan desert region in Asia [96] . The abovementioned causal variants are only examples of the abundance of genes already identified in literature.
Sheep can be screened for causal variants using assays consisting of primers of genes related to specific traits of interest [85] . This was done in the study of Liandris et al. [89] using PCR-RFLP to verify the presence of the GDF9 and FecB within two Greek sheep breeds. Following screening for causal variants, introgression of individuals carrying favorable loci into sheep flocks lacking these loci can occur. Successful introgression of FecB mutation into smallholder sheep flocks in India have been reported which resulted in increased number of live born lambs and lamb survival [100] .
The issue to bear in mind with GWAS studies is that quantitative traits are most likely to be influenced by many loci of small to medium effect acting on the expression of one trait, than few loci of major effect. Another major issue is that the SNPs included on a chip for GWAS are not the causal variants for the phenotype but are associated with the phenotype because they are in LD with the causal variant [101] . Thus, the variation explained by causal variants are not completely explained by the genotyped SNPs. Causal variants identified will be different in terms of breeds studied and the environment they have adapted to, as seen in a recent study in South African Merino where the major causal variants (GDF9, BMP15, BMPR1B and B4GALNT2) for reproduction have not been confirmed [98] as of yet. Therefore, in attempt to create SNP panels for genetic improvement in smallholder sheep flocks it is important to verify the presence of the causal variants for relevant traits within that flock. Different SNP panels will have to be designed specifically to the farming system and goal of the farmer.
Genomic Selection
Genomic selection is another tool that can be used to improve genetic gain in sheep flocks. The inclusion of genotypic data based on genetic markers and specifically SNPs can allow the estimation of genomically enhanced estimated breeding values (GEBVs). Genomic selection involves the use of phenotypic and genotype records to derive GEBVs for traits of economic importance. Studies have shown that using genomic best linear unbiased prediction (GBLUP) for the number of lambs weaned in sheep is more accurate than only using best linear unbiased prediction (BLUP) [102] . For this to be possible, an appropriate reference population must be established [102] . A reference population must be fully phenotyped, genotyped, and representative of the population herds/flocks to be predicted. Genomic prediction can be advantageous over pedigree selection when individuals are less related as well as if multi-breed populations are used as reference populations [102] . It was established recently that the use of a multi-breed reference population results in less accurate GEBVs than using smaller single-breed populations [103] . Studies on genomic selection in sheep indicated molecular markers can be used to improve selection accuracy [11, 104] . Thus, combining traditional animal breeding and genomics may increase productivity, sustainability and economic viability achieved by animal improvement. There is scope to apply genomic selection to smallholder conditions, where no pedigree information is available; and where reference populations are small. Phenotypic information on the trait of economic importance, whether it be reproduction or growth traits is necessary to successfully achieve this. This could enable the estimation of SNP heritabilities for traits related to sustainability for smallholder farmers such as number of lambs weaned, disease/pathogen resistance, survival, feed conversion efficiency and growth. SNP heritabilities have been estimated for wet-dry trait for smallholder sheep farmers in South Africa [56] . A challenge of implementing this approach for genetic improvement in smallholder systems is the availability of phenotypic data. Obtaining reliable records for traits of economic relevance of an appropriate reference population needs to be addressed. Efforts should be concerted in the development of breeding schemes that allows the recording of traits important for sustainability. Another challenge would be the genotyping costs involved. Genotyping costs per individual using the 50K SNP chip are 73 Euro [105] , however these costs have been predicted to decrease in the future [1] .
Willingness and Means for Recording of Phenotypes
Recording of phenotypes to include in selection indices and genomic selection is of vital importance for genetic improvement. This is one of the major challenges for smallholder and even commercial sheep farmers in South Africa due to the extensive nature of sheep farming systems. The availability of the national smallstock improvement scheme (NSIS) makes it possible for registered stud farmers and commercial sheep farmers to participate in genetic improvement programs [1, 7] . The question, however, is how do we encourage smallholder farmer to participate in recordkeeping? A study done in Malawi indicated that smallholder farmers' three main reasons for not participating in recordkeeping were: "busy with other activities", "lack of knowledge" and "education" [106] . The study also indicated that recordkeeping was influenced by recording equipment available and herd/flock size. This could be circumvented by the wide available use of smartphones to use as recording equipment. A recent study done in Limpopo, South Africa, indicated that smallholder farmers regularly use smart phones to share information and that a recording application could be developed for the use on smart phones [107] . In addition, recordkeeping systems have been developed using ICT (information and communication technology) technologies in Kenya [108] .
Conclusions
Addressing sustainability issues of smallholder sheep systems is complex and indicators should be chosen based on the farming goals and the intensity of input-output in the system. A system sustainable for a smallholder subsistence farmer may not be equally sustainable for a commercial smallholder sheep farmer. The type of genetic resources used in a farming system plays an important role in sustainability. Maintaining genetic diversity while selecting for genetic improvement in smallholder flocks is however crucial. Indigenous breeds as an important genetic resource are poorly benchmarked against commercial breeds, thus requiring further research. Choosing the relevant fitness traits to select for is dependent on the geographical location and farming system. Breeding objectives can be developed based on farmers' preference for traits using it as weight to add non market value in the selection index. It is possible to use genomics to improve genetic traits important for sustainability. For commercial sheep farmers, emphasis would be on improving adaptation traits of exotic breeds, whereas for smallholder subsistence farmers the emphasis would be to improve production traits. This can in theory be achieved once successful genotyping or whole genome sequencing has been completed on all sheep resources (both commercial and indigenous) in South Africa. This information can be used to screen both smallholder and commercial sheep flocks for the presence/absence of causal variants related to specific traits of interests for sustainability. Sheep that are positive for the causal variants can then be introgressed into sheep flocks that lack those specific genes necessary to improve both production and robustness through crossbreeding strategies. Genomic selection can also be used to increase genetic gain in smallholder sheep flocks. The limitation, however, is lack of recordkeeping systems and breeding schemes in smallholder sheep farming systems and the costs of genotyping smallholder farming genetic resources. This can potentially be overcome by the collaboration of government, research institutions, higher education and private companies to act as funding bodies for sustainability projects.
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